In this Commentary, we discuss the paper Quantitative Determination of Size and Shape of Surface-Bound DNA Using an Acoustic Wave Sensor †Tsortos et al., Biophys. J. 94"7…, 2706-2715 "2008… ‡. The paper under discussion presents a novel theory that uses the response of a Shear-Horizontal Surface Acoustic Wave device to characterize surface-attached double-and triple-strand DNA. The authors relate the length and curvature of the DNA strands to the interfacial viscosity using classical polymer theory. In this Commentary, we discuss their results in the broader context of acoustic wave detection of biochemical interactions and some of the factors involved when probing "soft" surfaces. Specifically, we present a review of interfacial coupling and slip, and discuss how these phenomena can affect biosensors employing acoustic wave detection techniques.
There has been significant attention paid in recent years to biosensor technologies for the detection and measurement of signaling biochemical interactions. Areas of investigation range from the fundamental study of biological macromolecules on surfaces, to applications for clinical assays and drug discovery. Conventional approaches are often based on the use of labeling agents such as radiochemical or fluorescent tags. However, the use of direct, labelfree sensing offers a number of distinct advantages and, accordingly, there has been a large body of published work with this in mind. Two techniques that have received considerable attention are surface plasmon resonance technology and devices based on the instigation of acoustic waves in a substrate. Acoustic wave sensing is based on electric or electromagnetic field excitation of high frequency acoustic waves in a piezoelectric material such as quartz. A number of structures have been employed in bio-detection, such as thickness shear wave devices, surface acoustic wave sensors, and shear-horizontal surface acoustic wave (SH-SAW) or Love-wave detectors. Operation of these types of devices is the subject of this Commentary.
PAPER UNDER COMMENTARY
In Quantitative Determination of Size and Shape of Surface-Bound DNA Using an Acoustic Wave Sensor, the authors attached various length DNA strands to an SH-SAW/ Love-wave biosensor, and inferred the bending of double-and triple-strand nucleic acid, based on the sensor response (Tsortos et al., 2008) . The authors claim to be able to obtain very high resolution of bending-angle detection for angles determined from surface viscosities, which were predicted by classical polymer solution theory. The sensor responses used were the amplitude shift, ⌬A, and the phase shift, ⌬Ph, of the acoustic envelope. The former parameter is a measure of a change in dissipation near the surface-liquid interface, in response to a surface perturbation, while ⌬Ph corresponds to a change in energy storage at the surface. Dissipation at the sensor-liquid interface is usually caused by viscous interactions within the surface-bound species or acoustic losses into the contacting liquid. Energy storage is normally linked to material deposition on the sensor surface, but it can also be affected by changes in the viscoelasticity of the interface and coupling of the acoustic wave into the liquid.
The authors apply classical polymer solution theory to determine the flow properties at the interface. Modification of the interfacial viscosity is attributed to the presence of the surface-attached DNA strands as polymeric elements that affect the fluid flow at the surface. This approach is very novel in that it makes use of known physical properties of DNA that can be measured or computationally modeled and correlated to the interfacial behavior of the acoustic device, and is accomplished without resort to phenomenological fitting parameters. In their analysis, the authors make the assumption that the change in amplitude depends entirely on the viscosity at the surface-liquid interface, which is explicitly influenced by the surface concentration of the DNA molecules, ⌬A ϰ ͓ i ͔c i surf . Another assumption is that the phase change depends only on the surface concentration, which leads to the ratio
This approximation is likely valid for ds-and tsDNA, as the helix structures of these biomolecules ensure that they are sufficiently rigid, so there will be very little phase changes due to changes in stiffness of the DNA strands. However, this may not be the case for highly viscoelastic biomolecules such as certain proteins. In these cases, the phase shift will be a function of the surface concentration and the viscoelasticity of the protein layer and Eq.
(1) will not apply. In this paper, however, we will not consider these cases, which have been covered in detail elsewhere (Martin et al., 1991; Martin, 1991; McHale et al., 2000) . Another approximation implicit in Eq. (1) is that the affinity of the surface for the liquid remains constant for both neutravidin and the DNA surface. In other words, the acoustic energy coupled into the liquid by the surface remains constant between State 1: the neutravidin-coated surface, and State 2: the DNA-modified surface. Changes in acoustic coupling at the sensor-liquid interface, which could be a manifestation of interfacial slip, may have large effects on the device signal, and may pose significant problems in the analysis of those signals. The question of whether slip occurs has been the subject of great debate, both in the acoustic sensor field and in the broader fluid dynamics area as a whole (Barrat and Bocquet, 1999; Bonaccurso et al., 2003; CottinBizonne et al., 2003; Ponomarev and Meyerovich, 2003; Neto et al., 2005) . These reviews on the subject of solidliquid slip are comprehensive, so the general topic will not be considered here. Instead, we focus on instances of slip in the acoustic sensor field to date, and consider the implications of interfacial phenomena and their applicability to biosensing. We center our discussion on models for transverse-shear mode (TSM) devices, the so-called quartz crystal microbalance, although the arguments can be easily adapted to other shear wave sensing techniques, such as shear-horizontal surface acoustic wave (SH-SAW) and acoustic plate mode sensors, and Rayleigh wave devices (SAW).
It is important to note that the points we illustrate in this Commentary are not directly applicable to the paper under discussion by Tsortos et al. The authors did not observe any anomalous signals that may be attributable to slip, and hence our discussion on interfacial coupling does not explicitly refer to their system. Their results do not indicate a manifestation of slip.
However, the authors' theory, which is only strictly valid for rigid biomolecules like dsDNA, may not be applicable to a wide range of biochemical surface moieties, such as many proteins. As such, we present a description that we believe can affect a very wide range of "soft" surfaces. The controversial area of slip and interfacial coupling is important in acoustic wave biosensing, due to the heterogeneity of the biochemical surfaces under study, and that it needs to be brought to the attention of the broader biosensing community.
EFFECT OF CHANGES IN INTERFACIAL COUPLING ON THE SIGNAL
When an acoustic wave sensor is operated in a liquid, the sensor surface induces motion in the adjacent liquid particles, transmitting the shear acoustic energy wave into the liquid. In the liquid, it decays as the wave progresses away from the surface. The response of the device when immersed in a liquid is very well characterized, and involves changes in the energy stored and dissipated by the device (Bruckenstein and Shay, 1985; Kanazawa and Gordon, 1985; Martin et al., 1991) . Both of these energy shifts are proportional to the square root of the product of the density and viscosity of the contacting liquid. Traditionally, it is assumed that the lateral velocity of the sensor surface is equal to that of the contacting liquid, which is the no-slip condition. Any discontinuity in velocities at the interface represents a manifestation of slip, and will have an effect on the propagation of the acoustic wave and the storage and dissipation of energy into the liquid. This, in turn, has an effect on the sensor response. The nature of these changes, and the factors that lead to them, is the question that is addressed by the study of slip. However, before considering the effect of slip on the propagation of an acoustic wave, we concisely review the important equations that govern fluid dynamics and discuss a simple yet widely used model for interfacial slip.
Hydrodynamics
A discussion of fluid dynamics begins with the NavierStokes equation for constant-viscosity, incompressible fluid flow, such that ‫ץ‬ / ‫ץ‬t =0, Dv Dt
where v is the velocity vector field, is the mass density of the fluid, D / Dt = ‫ץ‬ / ‫ץ‬t + v · ٌ is the material derivative, ٌp is the gradient of the pressure, is the shear viscosity, and F is the external force acting on the fluid volume. The right-hand side of Eq. (2) is a momentum balance between the internal pressure and viscous stress, and the external forces on the fluid body. Any excess momentum contributes to the material acceleration of the fluid volume on the left-hand side.
When considering a solid-liquid interface, the simplest case involves steady shear flow parallel to the surface, with Dv / Dt = 0 and v = v x x. Equation (2) reduces to Newtonian viscous flow
where x is the shear stress in the x plane and the shear rate ␥ = ‫ץ‬v x / ‫ץ‬z is the slope of the velocity gradient normal to the wall. At the wall, the tangential shear stress becomes
where the wall boundary is at z =0.
Definitions of slip and friction
Frictional Stokes flow can be used to describe the shear stress on a planar surface caused by a slipping fluid flowing across it,
where v s is the slip velocity and k is the friction coefficient, in units of viscosity per unit length. Friction is also known as the interfacial viscosity, which is written as 2 , as it represents interfacial, two-dimensional drag. Equation (5) describes the friction or drag stress on a solid object in a flow field. Equating Eqs. (5) and (4) yields
Slip is included in the model with the slip length, due originally to Navier (Navier, 1827) . In this approach, if slip occurs, the slip velocity v s is proportional to the velocity gradient at the wall ‫ץ‬v x / ‫ץ‬z,
where the proportionality constant is the slip length b, an imaginary extrapolation length into the solid wall required to recover the no-slip condition, as shown in Fig. 1 . This concept has been explored extensively by de Gennes and co-workers (Brochard and de Gennes, 1992; de Gennes, 1997) . Combining Eqs. (6) and (7), the relationship for the slip length as the ratio of the bulk and interfacial viscosities becomes
This ratio implies that slip will increase as the bulk viscosity increases relative to the interfacial viscosity, or as the liquid self-cohesiveness increases and liquid-surface affinity decreases. This concept, although simple, has been used extensively to model flows of polymer melts (Leger et al., 1997; Horn et al., 2000) and Newtonian liquids (Pit et al., 2000; Zhu and Granick, 2001; Bonaccurso et al., 2003; CottinBizonne et al., 2002; Cottin-Bizonne et al., 2003; Spikes and Granick, 2003) . The description of slip depicted in Eqs. (7) and (8) is an empirical, two-parameter fit to data and only provides a way of describing slip phenomena. It does not offer any physical interpretation of the effect or its causes. It is important to differentiate between true molecular slip and macroscopic partial slip. True molecular slip indicates an actual velocity discontinuity between the solid surface molecules and the contacting liquid molecules [ Fig. 2(a) ]. True slip is difficult to observe and often must be inferred from hydrodynamic measurements at the nanomet- True "a… and apparent "b… slip. In ͑a͒, there is a discernible slip velocity at the wall, giving a measurable but small slip length. In ͑b͒, the slip velocity at the wall is negligible, but the slope of velocity profile near the wall is very steep. Because the flow quickly becomes fully developed, it takes the appearance of a large slip length. ric length scale. Partial slip is characterized by a very steep velocity gradient near the wall, which appears as a large apparent slip length [ Fig. 2(b) ].
Due to the high shear rates and small length scales involved in acoustic biosensor operation, it is highly likely that slip is possible at the surface liquid interface. Especially in the case of sensors coated with heterogeneous biochemical moieties, coupling changes at the interface are very likely. Slip can be due to a wide range of causes, including changes in surface affinity, roughness, and heterogeneity in either of these factors. In fact, slip may even be possible on mildly hydrophobic metal surfaces, which could occur in many studies where proteins such as avidin are immobilized on the surface.
MODELS OF SLIP FOR ACOUSTIC SENSORS TSM response without slip
While this topic has been covered extensively in the literature, we mention it briefly here to provide context for the discussion on slip. The device response can be approximated from the acoustic load impedance at the device surface Z L , which is the ratio of the surface shear stress to the horizontal velocity. The sensor response can be estimated in terms of changes in the load impedance from the small-load approximation,
where f 0 is the resonant frequency of the unloaded device and Z q is the acoustic impedance of quartz (Tessier et al., 1994) . For a 9 MHz device, Z q Х 8.8ϫ 10 6 kg m −2 s −1 . ⌬f is the change in resonant frequency and ⌬⌫ is the change in bandwidth, a measure of dissipation. It is used here instead of R m or Q because the two expressions have the same prefactor, although conversion to the other parameters is easily performed. Both the purely gravimetric (Sauerbrey, 1959) and purely viscous (Kanazawa and Gordon, 1985) responses can be derived from Eq. (9). In the case of a thin, rigid coating on the sensor surface in contact with a nonslipping liquid, the gravimetric and viscous liquid responses can be observed separately:
Equation (10) is the Thin-Film Approximation, and is only strictly valid for a rigid film with very little dissipation and the no-slip condition at the interface. In other cases, the load impedance is also sensitive to the viscoelastic nature of any film adsorbed on the surface (Martin et al., 1991; McHale et al., 2000) and interfacial coupling between the device surface and the contacting liquid, which will be discussed in the next section.
Models of slip for the TSM
We now turn the discussion to examples of slip on acoustic sensors and how they have been described. Krim and coworkers studied adsorption of thin gas films on the sensor surface, and found that molecular-level slip occurred in many cases (Krim and Widom, 1988; Watts et al., 1990; Sokoloff et al., 1993; Mak and Krim, 1998 (Cieplak et al., 1994) . Around the same time, Thompson and co-workers found that the signals for the adsorption of biological molecules on sensor surfaces could not be explained by gravimetric effects, nor was the amount of dissipation consistent with viscosity or viscoelasticity (Thompson et al., 1987; DuncanHewitt and Thompson, 1992; . They attributed these discrepancies to slip at the sensor-liquid interface resulting from changes in the strength of the surface-liquid interaction because of the biological surface modification. They developed a number of models to explain these phenomena; however, application of these effects presented difficulties because predicting the nature of the surface-liquid interaction remained a significant challenge. Ferrante et al. modeled the ratio of the solid and liquid displacements at the interface with a complex slip parameter ␣ (Ferrante et al., 1994) . By allowing the slip parameter to be complex, the ratio of the displacements or velocities at the interface could have both magnitude and phase. Hayward and Thompson extended this treatment to include slip at any interface (Hayward and Thompson, 1998) and Ellis et al. showed that in the limit of a rigid solid and purely viscous liquid, the complex slip could be modeled as the real valued slip length b . This equivalency, however, is only valid if the velocity profile is linear near the wall, and may not be applicable to viscoelastic surfaces or liquids, including biological films. For these films, a complex slip parameter may be required (Willmott and Tallon, 2007 ).
The models described above apply a slip boundary condition through an explicit discontinuity in the displacement or velocity boundary conditions. Other models apply a friction term to the force balance equation, equivalent to Eq. (6). Rodahl and Kasemo equated the shear stresses in the liquid to the frictional stress due to the liquid on the surface (Rodahl and Kasemo, 1996) . In the absence of slip, the stresses balance, as do the velocities. However, if the velocities at the boundary are not equal, then the stress balance can be modeled with a friction coefficient, such that the friction force depends on the difference in velocities between the surface and the liquid. Their model had the form
where is the friction coefficient in units of s −2 and a is the surface density in units of kg cm −2 . The velocity difference v q − v liq is the slip velocity v s of Eq. (7), so the factor a is equivalent to the Stokes friction k in Eq. (6). Daikhin et al. modeled slip at the adsorbate-liquid interface, where the adsorbate is rigidly coupled to the surface, by including an extra viscous dissipation term in the wave equation of the device and a similar boundary condition as Eq. (11), but using the slip length b = / k (Daikhin et al., 2000) . They found that the inclusion of slip resulted in extra frequency and bandwidth effects of the form
where a = b / ␦ is a dimensionless parameter. The shifts shown in Eq. (12) are those due to slip effects alone, so the total frequency and bandwidth shifts for an adsorbed layer in a liquid with slip, assuming the thin-film approximation [Eq. (10)], would be ⌬f tot = ⌬f a + ⌬f liq + ⌬f slip and ⌬⌫ tot = ⌬⌫ liq + ⌬⌫ slip . Mass adsorption on the device surface has no effect on the bandwidth. What is important to note in Eq. (12) is that the effect of slip at the surface-liquid interface is that frequency increases and bandwidth decreases. As well, it is not a pure viscous decoupling, so the change in frequency and bandwidth are not equal and opposite, as would be the case for a change in the density or viscosity of the liquid.
McHale et al. used a similar description of slip, but modeled it at different layers using a slip parameter for layer i, s i =1/k (McHale et al., 2000) . For slip at the surface-liquid interface, their model yields the same result as Eq. (12). The acoustic load impedance for an adsorbed layer with slip at the adsorbate interface is
where s is the slip parameter at the adsorbate-liquid interface, Z a , a , and G a are the acoustic impedance, density, and shear modulus of the adsorbate, Z liq is the acoustic impedance of the liquid, and Z L is the load impedance for the noslip case. If the adsorbate is a thin rigid film, such that G a is large, Eq. (13) reduces to
which gives the result in Eq. (12) for s liq = a␦ / . Equation (13) can be used to estimate material and interfacial properties of biological adsorbate layers and biosensing from experimental data. Du et al. derived a model for heterogeneous slip by including a secondary flow field that depends on the Fourier components of the slip heterogeneity (Du et al., 2004) . They included liquid-surface slip in the model as
where the effect due to slip is described with the parameter B. Through a lengthy derivation, they found that B =2͑b rms ͒ 2 / ␦ 2 , where b rms is the rms value for the slip length heterogeneity on the surface. While this model is still simply a parameter fit to the experimental data, it does provide a method for estimating the device response if the slip heterogeneity is known. In previous papers, we have related the slip length b, and thus the complex slip parameter ␣, to other slip parameters, such as s and a above McHale and Newton, 2004) .
None of these models inherently describes biological systems or biosensors. In fact, they are all phenomenological fitting parameters that could be used to describe any situation, but only provide information regarding the flow characteristics at or near the surface. Two models have been proposed recently to describe slip in terms of molecular forces between the sensor surface, an attached molecule, and the surrounding fluid. The first describes the interface as a viscoelastic material and modeled it with a complex interfacial shear modulus, using the boundary condition
where G * = GЈ + jGЉ is the viscoelastic modulus of the interfacial layer, d is the intermolecular spacing between the particles at the surface, ␥ is the strain, and the u b are the shear
displacements of the quartz and liquid, respectively, at the boundary (Lu et al., 2003; Lu et al., 2004a; Lu et al., 2004b; Lu et al., 2005) . The authors related this slip model to the slip parameter ␣ as
where r liq is the liquid particle radius, liq is the liquid density at the boundary, and Z liq is the liquid characteristic impedance ͱ liq G liq , where G liq is the generalized shear modulus of a viscoelastic liquid. Equation (17) is useful for developing mesoscopic models of the solid liquid interface, although it has not been applied extensively to model experimental results, apart from some preliminary studies (Lu et al., 2005) .
The advantage of this model is that it treats the surface and the interface as a combined molecular mechanical system, rather than as a phenomenological discontinuity. The discontinuity is instead displayed on a molecular level as an interfacial coupling problem, rather than as slip problem. This approach has the advantage of avoiding experimental fitting parameters with purely phenomenological meaning, and at the same time introducing biologically relevant information, such as interaction forces and molecular size factors. While biosensor data have not yet been applied to this model, we feel that it, along with similar descriptions that will emerge in the future, will provide a real link between coupling phenomena and biochemical systems analysis.
The description proposed by Tsortos et al. also uses a bio-molecular approach to estimate the interfacial parameters and calculate these parameters to predict the sensor response (Tsortos et al., 2008) . It has also been tested with real biological data and models, and the sensor response can be used to predict the oligonucleotide shape, which is in essence the "Holy Grail" of the acoustic biosensor. In this it is quite successful and presents an appropriate starting point for studying the effect of biochemical coatings on interfacial fluid properties for surfaces undergoing mechanical oscillations. However, the model requires many assumptions, both implicit and explicit, and therefore might not be generally applicable to the wide range of situations that can arise from biochemical surface modification. As well, it does not discuss in detail the heterogeneity of surface properties resulting from different modifications, some of which could lead to interfacial coupling. Our impression is that models that are more complex are required for more complex, "soft" coatings.
SUMMARY
Despite the increasing body of evidence indicating that the pure mass-response model cannot explain complex surfaces, many studies that employ acoustic wave detection are interpreted based on this notion. Many researchers continue to adhere to this interpretation to the extent that other contributions to signals may be ignored. The reason for this likely lies in a desire for simplicity in terms of "counting" molecules deposited or lost at surfaces. In reality, the acoustic physics of biochemical interfaces provides tremendous potential for the measurement of structural information not presently offered by other techniques. Unfortunately, the great importance of interfacial coupling with respect to its role in biosensing has been largely overlooked by many researchers. The heterogeneity of biochemically modified surfaces, as well as the heterogeneity of their material properties, makes this issue especially crucial when detecting reactions involving proteins and nucleic acids. While modeling of coupling interactions on these types of surfaces still presents some challenges, it can provide a large amount of information that would otherwise be unavailable.
The study by Tsortos et al. presents a refreshingly novel and intelligent take on analysis of surface shape on an acoustic biosensor surface (Tsortos et al., 2008) . As discussed above, it is limited in its scope because it can only be applied to systems that are structurally rigid, such as dsDNA. However, the authors of the paper under commentary, as well as others, are working on extending their theoretical approach to other cases of interest to the biology community (E. Gizeli, personal communication, 2008 ) and as such, we eagerly await more general models applicable to a wider range of biomolecules.
